We present a model for the activities of neural circuits in a nucleus found in the brains of songbirds: the robust nucleus of the archistriatum (RA). This is a fore brain song control nucleus responsible for the phasic and precise neural signals driving vocal and respiratory motor neurons during singing. Driving a physical model of the avian vocal organ with the signals generated by the neural model, we produce synthetic songs. This allows us to show that certain connectivity architectures in the RA give rise to a wide range of different vocalizations under simple excitatory instructions. DOI: 10.1103/PhysRevLett.89.288102 PACS numbers: 87.19.-j, 43.70.+i The songs of birds constitute some of the richest sounds in nature. Beyond their beauty, the songs of songbirds (some 4000 species of birds out of the approximately 9000 known to exist) are a test bench for studying learned behavior. In fact, songbirds develop their songs in a way which has many parallels with the acquisition of speech by humans. For this reason, extensive research has been carried out in order to identify the location and functions of different areas of the brain in songbirds (for a subset of a rich literature, [1] [2] [3] [4] ). These studies revealed the structure of the basic neural pathway for the control of song. The ultimate role of this complex pathway is to generate the appropriate activities of the muscles controlling the avian vocal organ (syrinx) and the muscles involved in respiration in order to produce a given vocalization.
The songs of birds constitute some of the richest sounds in nature. Beyond their beauty, the songs of songbirds (some 4000 species of birds out of the approximately 9000 known to exist) are a test bench for studying learned behavior. In fact, songbirds develop their songs in a way which has many parallels with the acquisition of speech by humans. For this reason, extensive research has been carried out in order to identify the location and functions of different areas of the brain in songbirds (for a subset of a rich literature, [1] [2] [3] [4] ). These studies revealed the structure of the basic neural pathway for the control of song. The ultimate role of this complex pathway is to generate the appropriate activities of the muscles controlling the avian vocal organ (syrinx) and the muscles involved in respiration in order to produce a given vocalization.
The syrinx generates sound through flow-induced oscillation of the lateral labia, a bilateral structure of tissue folds which open and close the air passage from the bronchi to the trachea. Recently, it was shown that a large variety of song elements can be generated by the avian vocal organ by means of slight changes in a generic gesture of two driving parameters: bronchial pressure and fold tension [5, 6] . In order to produce the characteristic repetitive elements in a song, both the driving bronchial pressure and the tension of the folds have to be swept cyclically (at a much slower rate than the self-sustained oscillation of the folds). The basic quantity determining the sound features of the resulting song element is the phase difference between the cycles of these two driving parameters [5] . Since a song is made out of a wide variety of elements, the question naturally arises of how does the precise sequence of phase differences emerge from the neural architecture of the motor pathway.
In this work, we build a model for the activities of a neuron subpopulation in the robust nucleus of the archistriatum (RA), one of the major nuclei of the vocal motor pathway. It is in the RA that the key phase difference between instructions driving vocal and respiratory motor neurons is established [7] . Our model, based on a detailed neurological study performed by Spiro and co-workers [7] , allows us to show that simple instructions from excitatory afferents to the RA nucleus are able to produce, for a given architecture of connections, a rich variety of elements. Moreover, we show that some instructions are able to generate sets of elements (syllables).
The brain structure which controls the production of birdsong in songbirds is made out of discrete sets of neurons called nuclei, and axons that project into other nuclei forming a pathway [8] . The pathway runs from the high vocal center (HVc) to the RA nucleus. In the RA there are neurons projecting to the motor neurons innervating the muscles of the syrinx, and neurons that project to areas that control respiration [3, 7, 9, 10] . In fact, the bursting activity of the neurons at RA allows the prediction of element identity [4, 11] . Recently, experiments in singing birds revealed that individual HVc neurons projecting onto RA neurons present sparse bursts. Interneurons in HVc, on the other hand, present activities of tonic nature, representative of the population activity of RA-projecting HVc neurons [12] .
Recently, the structure of RA was described in detail [7] . It was reported that besides the excitatory projection neurons described above, there are long-range inhibitory interneurons that project widely throughout RA without exiting the nucleus. These inhibitory interneurons are believed to provide the inhibition to projection neurons needed to create the patterns of bursts and pauses characteristic of RA during singing [7] . It is known that neurons in HVc are active during particular syllables [13] , probably exciting some specific subpopulations in RA. But which is the range of possible elements that a given subpopulation of RA neurons can generate?
In order to address this issue, we build a model for the activities of a subpopulation of RA neurons. This subpopulation consists of three sets of neurons, where each set contains several neurons behaving similarly. Two of these sets contain excitatory neurons, while the third set consists of long-range inhibitory neurons. By activity we denote the average number of action potentials per unit time of the neurons behaving similarly within a set. The variables of this model are x k , x p , and y, which stand for VOLUME 89, NUMBER 28
The American Physical Society 288102-1 the activities of the two sets of excitatory neurons controlling (through the paths described above) the syringeal muscles and respiratory muscles (x k and x p , respectively), and the activity of the set of inhibitory interneurons (y). Clearly, a description of the dynamics within this nucleus in terms of averaged activities will miss the details of acoustic features determined by the actual bursting [11] of individual RA neurons. Yet, many of the features of the note are determined by the relative phases of the cyclic parameters driving pressure and tension of labia in the syrinx [5] , and this is the scale of description at which we perform our study. In order to relate the variables in our description, we write the following additive model [14] :
where S denotes a saturating function Sx 1=1 e ÿx , and i (i 1; 2; 3) are the excitatory inputs from HVc into the sets of neurons with activities x p , y, and x k , respectively. In this mean-field model, the excitatory inputs are the population activities of HVc neurons projecting onto RA (reflected in the activities of individual HVc interneurons [12] ). The scaling is chosen in such a way that an oscillation in the equations fits temporally a typical song syllable. In Fig. 1 we draw schematically the sets of neurons in the subpopulation of RA neurons under study. The synaptic connections are represented by lines, and the letters in the figure associate the connections with the coefficients in the model. According to Spiro and co-workers [7] , inhibitory neurons are of long range. In our model, this is reflected by the fact that both excitatory sets have nonzero synaptic connections with the neurons in the inhibitory set. On the other hand, the excitatory sets cannot connect directly with each other. In other words, it is the inhibitory set of interneurons which ultimately locks otherwise unconnected projection excitatory neurons [7] . A systematic study of these equations is rather complex. For and equal to zero, the first two equations conform the well-studied Wilson-Cowan oscillator [14] , while the third equation is a one-neuron additive model. In order to illustrate possible solutions of the complete model, we fix the parameters describing the synaptic weights A; B; C; D; E; ; (see Fig. 2 caption for values) and explore the dynamics as one of the parameters denoting external input (from neurons in HVc) is varied. . FP fixed point; P1 period-one limit cycle; P2 period-two limit cycle. The P1 oscillation is represented by two points indicating maximum and minimum of the oscillation, and the P2 oscillation is represented by four points indicating two local maxima and two local minima. Notice that the coexistence of solutions implies that at bifurcating points the system presents solutions that are qualitatively different. The fixed point solutions generate neural signals that drive the avian vocal organ to produce tonal sounds (i.e., constant frequency vocalizations). The complex period-two solution drives it in such a way that a complex solution is produced: an alternation of two distinct notes. Solid line: stable solutions; dashed line: unstable solutions. Throughout this work we use A 10, B 10, C 10, D ÿ2, E 4, 2, 20, 1 0, and 3 6. (b) Qualitative aspect of the phase space within region IV. Two stable solutions coexist: an attracting fixed point (top) and a period-two limit cycle (bottom), separated by a saddle fixed point (middle).
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In Fig. 2(a) we show a bifurcation diagram as the external input 2 is varied. Qualitative changes in the solutions for the neural model take place as the control parameter is changed slightly. The excitatory sets represent neurons projecting to motor neurons innervating syrinx and to areas in lateral medulla controlling respiration. Therefore, the qualitative differences between the solutions will translate into diversity in the song. With a physical model of the syrinx, we will show that this is the case.
Based on the detailed experiments by Goller, Suthers, and Larsen [15, 16] , a physical model for the syrinx was recently built [5, 6] . Using the activities of our neural model to drive the physical model of the syrinx, we can generate synthetic songs. As in [6] , we write a minimal equation for the departure of the midpoint of a lateral labium at one side of the syrinx from the stationary position as
where pt ÿ b stands for the difference between bronchial pressure and linear dissipation, kt for the fold stiffness, and c for a nonlinear dissipation constant, all per unit mass of the folds [6] . To generate a song with an excitatory instruction given by HVc, we integrate Eqs. (1) to generate the neural signals that allow the driving of the syrinx model [17] . Using for p and k linear functions of the activities x p and x k , respectively, we integrate Eq. (2) which allows us to compute the pressure sound wave associated to a song [5, 6] . The linear functions we used to relate neural activities with syrinx driving parameters are p pt p 1 x p t p 0 and k kt k 1 x k t k 0 (see Fig. 3 caption for linear parameter values). The chosen solutions of the neural model, transformed in pressure and tension instructions ready to drive the physical model of the syrinx, are displayed in Fig. 3 . In [6] the model describing the dynamics of a lateral labium includes a force (controlled by the siringealis dorsalis muscle), responsible for active opening and closing of the lumen. Since this dynamics is locked to the respiratory activity, we omit it here for simplicity. In Fig. 4(a) , we display a recorded song [18] of a whitecrowned sparrow (Zonotrichia leucophrys). The left inset shows the sound wave as a function of time, while the right inset displays the sonogram (i.e., the instantaneous spectral content of the sound wave as a function of time). The displayed segment consists of four distinct syllables. The first two are tonic sounds, followed by a very fast trill, and finally there is repetition of a two-element syllable. Figure 4(b) shows a synthetic song, obtained by driving the physical model of the syrinx with the solutions of the neural model shown in Fig. 3 . Notice that the connectivity coefficients A, B, C, D, E, , and , the external inputs 1 and 3 , and the linear transformation parameters are fixed. Different syllables were obtained by changing only the value of excitatory input 2 of the neural model (corresponding to input from the neurons in other nuclei, as HVc). Three out of the four syllables present in the recorded song could be reproduced by this subpopulation of neural units. Remarkably, a constant excitatory instruction driving the neural model is able to produce the two-element syllable as a whole.
Notice that while the instruction from HVc (the activity of the population of RA-projecting HVc neurons) is constant, it is not until the local circuitry of RA is involved that the two-element syllable emerges. This rich syllable is then the result of a bifurcation of the solutions of the neural model.
For the chosen values of connectivity parameters in the neural model, it was possible to reproduce a large variety of solutions under changes of the excitatory input, showing that many qualitatively different syllables in birdsong can be the result of the interaction of a simple instruction with the local circuits of RA. This allows us to predict that several syllables involve a unique subpopulation of RA neurons. In particular, a syllable such as ''c'' which is composed by the alternation of two elements is, according to our model, generated by a period doubled solution of the activity of a unique subpopulation of neurons. Therefore the local subpopulation of neurons in the rostral part of the RA (projecting to neurons activating syringeal muscles) that presents activity during the vocalization of the first element, will be active during the vocalization of the second element. A simultaneous measurement in HVc interneurons (representative of the population activity of RA-projecting HVc neurons) will show a constant tonic activity during the two elements. Moreover, if the (2)], showing the solutions of the neural model (after adjusting scales) that drive the syrinx to generate three syllables of the white-crowned sparrow. The shaded region is the syrinx oscillation region. Dashed-line curves are isofrequency contours. Syllable ''a'': 2 ÿ11:0; syllable ''b'': 2 ÿ11:8; syllable ''c'': 2 ÿ7:1 (syllable labels refer to corresponding labels in Fig. 4 
288102-3 288102-3 subpopulation of neurons in RA being recorded presents activity during this type of cyclic behavior, it will also be active during the constant frequency vocalizations. Not every choice of the parameters characterizing the connections leads to this variety of vocalizations. In order to find parameter values appropriate to display a large variety of vocalizations, we analyzed the bifurcation diagrams of the solutions of our model, and fixed connectivity parameters in a value where the bifurcation structure was rich. In particular, the coexistence of solutions that eventually dissapear in local bifurcations allows important changes in the behavior of the system as the control parameters are slightly changed. A detailed analysis of our minimal neural model will be reported elsewhere [19] . Recently, sensory-motor learning in songbirds was studied in terms of the activities of interacting nuclei [20] . Building in this direction, it should be possible to integrate learning and production pathway models in order to obtain a complete description of song development.
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